Introduction
The cerebellum functions as the primary center controlling motor coordination and balance. It probably even participates in sensory discrimination (Gao et al., 1996) and cognitive processing (reviewed by Fiez, 1996; Gordon, 2007) . Cerebellar granule cells (CGCs) and Purkinje cells (PCs) are major neuronal cell types in the cerebellum. CGCs coordinate sensory inputs from precerebellar nuclei and the spinal cord, and provide excitatory inputs to PCs through parallel fibers. PCs are the only cerebellar GABAergic neurons whose axons project outside the cerebellar cortex.
A number of studies have addressed the mechanisms underlying the differentiation of cerebellar neurons (reviewed by Goldowitz and Hamre, 1998; Hatten 1999; Sotelo, 2004) . Math1, which encodes a basic helixloop-helix (bHLH) transcription factor, is expressed in the upper rhombic lip (uRL) and external granule layer (EGL) (Akazawa et al., 1995) , and has been shown to be necessary for proper CGC differentiation (Ben-Arie et al., 1997; Gazit et al., 2004) . On the other hand, it has been reported that another bHLH gene, Ptf1a, is expressed in the cerebellar ventricular zone (VZ) and required for PC differentiation (Hoshino et al., 2005) . A recent study has shown that GABAergic progenitors lacking Ptf1a adopt an external granule cell-like phenotype (Pascual et al., 2007) , suggesting that Ptf1a may affect the differentiation program for CGCs. However, molecular cascades downstream of Math1 for specifying the neuronal type in the cerebellum have not been determined.
Molecular mechanisms underlying specification of neuronal types have been well characterized in the dorsal spinal cord (reviewed by Caspary and Anderson, 2003) . Math1 directly activates a Bar-class homeobox gene, Mbh1 (mammalian BarH1), (Saba et al., 2005) and Mbh1 confers commissural neuron identity on cells (Saba et al., 2003) . Math1 and Mbh1 are expressed in both the developing spinal cord and cerebellum (Saito et al., 2000; Saba et al., 2003) . Another Bar-class homeobox gene, Mbh2 (mammalian BarH2)/Barhl1 (Barh-like1), is also expressed in the cerebellum (Saito et al., 2000; Li et al., 2004) , and Mbh2 knockout mice show a relatively mild phenotype in the cerebellum (Li et al., 2004) . Although this finding raises the possibility that Mbh1 and Mbh2 may be redundant in the development of the cerebellum, function of Mbh1 and Mbh2 and genetic interactions among Math1, Mbh1 and Mbh2 in the cerebellum remain largely unknown.
In this study, we have applied an in vivo electroporation technique to the mouse cerebellum, and examined the function and interactions of the genes by gain-and loss-of-function analyses. We revealed a transcriptional cascade for specifying CGC identity.
Materials and methods

Animals
ICR mice obtained from Clea (Tokyo, Japan) were used for all experiments. The day that a vaginal plug was detected was designated embryonic day (E) 0.5. The day of birth was designated postnatal day (P) 0. All animal experimental procedures were approved by the Animal Care and Use Committee (Chiba University) and conducted in accordance with the Guidelines for Use of Laboratory Animals (Japan Neuroscience Society).
Plasmids
The entire protein-coding regions of Math1, Mbh1, Mbh2, and Ptf1a were inserted downstream of the second CAG promoter of pCAGenhanced yellow fluorescent protein (EYFP)-CAG (Saito and Nakatsuji, 2001 ) to generate pCAG-EYFP-CAG-Math1 (Saba et al., 2003) , pCAG-EYFP-CAG-Mbh1 (Saba et al., 2003) , pCAG-EYFP-CAG-Mbh2, and pCAG-EYFP-CAG-Ptf1a, respectively. After electroporation of the plasmids, EYFP and the inserted genes were coexpressed in the same cells (Saba et al., 2003 ; data not shown). pCAG-EYFP-CAG-VP16-Mbh1 carried a gene encoding the activation domain of herpes simplex virus VP16 fused to the homeodomain of Mbh1 (Saba et al., 2005) . As a negative control, pCAG-EYFP (Saito and Nakatsuji, 2001 ) was used in all electroporation studies.
In vivo electroporation
In vivo electroporation was performed as described previously (Saito and Nakatsuji, 2001; Saito, 2006) with minor modifications. Exo utero electroporation (i.e., the procedure including the incision of the uterine wall) was used to inject DNA and short interfering RNA (siRNA) precisely into the fourth ventricle of the embryo. Electric pulses (30 V at E11.5, 40 V at E12.5, 50 V at E13.5) were delivered by placing the anode and cathode over the left upper rhombic lip and right inferior colliculus, respectively. Survival rates (surviving embryos/operated ones) per litter were 63.6 ± 15.3%, 75.4 ± 14.0%, and 85.3 ± 13.8% for electroporation at E11.5 (n = 28), E12.5 (n = 49), and E13.5 (n = 19), respectively. Successful transfection rates (embryos containing the EYFP + cerebellum/surviving ones) per litter were 52.5 ± 17.1%, 73.2 ± 11.0%, and 88.4 ± 11.3% for electroporation at E11.5, E12.5, and E13.5 (the same number of litters as above), respectively. To knock down Math1, chemically modified siRNAs, Stealth RNAs (Invitrogen, Carlsbad, CA) carrying the following sequences were used: 5′-auauuuggacagcuucuugucguug-3′ and 5′-caacgacaagaagcuguccaaauau-3′, corresponding to nucleotide residues 738-762 of Math1 (Genbank accession no. NM_007500). As a control, Stealth RNAs containing a scrambled sequence of the same GC content were used: 5′-auacguugguacaucgucuuguuug-3′ and 5′-caaacaagacgauguaccaacguau-3′. pCAG-EYFP was cotransfected with the siRNAs to visualize transfected cells. For functional analysis of genes, at least two independently isolated clones with the same structure were used to eliminate the possibility of effects by spontaneous mutations in the genes.
Immunohistochemistry and in situ hybridization
The embryonic hindbrain was dissected out, fixed with 4% paraformaldehyde in 0.1 M sodium phosphate-buffered saline (PBS) on ice, and then immersed in 30% sucrose in PBS followed by embedding in OCT compound (Sakura Finetechnical, Tokyo, Japan). Sagittal sections (12-14 μm thickness) were cut with a cryostat. The sections containing transfected and untransfected sides were mounted on the same glass slides and compared side by side. For immunostaining, the following antibodies were used: rabbit antiMath1 (a generous gift from Dr. J. E. Johnson, University of Texas Southwestern Medical Center, Dallas, TX); rabbit anti-class III β-tubulin (RDI, Flanders, NJ); mouse 4D7 (anti-TAG-1) (Developmental Studies Hybridoma Bank, Iowa City, IA); donkey Cy5-conjugated antirabbit IgG (Jackson Immuno Laboratory, West Grove, PA); donkey Alexa Fluor 594-conjugated anti-rabbit IgG and anti-mouse IgM (Invitrogen). Fluorescence images were captured with a fluorescence microscope, BX60 (OLYMPUS, Tokyo, Japan), or a laser-scanning confocal microscope, LSM510 (Zeiss, Oberkochen, Germany).
Apoptotic cell death was examined by immunostaining using a rabbit anti-cleaved caspase-3 antibody (Cell Signaling Technology, Beverly, MA).
In situ hybridization was performed as described previously (Kawauchi et al., 2006) . cRNA probes were prepared from plasmids carrying Math1 (a generous gift from Dr. R. Kageyama, Kyoto University, Kyoto, Japan), Mbh1 (Saba et al., 2003) , Mbh2 (Saito et al., 2000) , and Ptf1a and Lhx5 (FANTOM clones 1810061H18 and 9330117N18, RIKEN, Yokohama, Japan) (Carninci et al., 2005) .
DAPI staining and quantification of the EGL thickness
To visualize the EGL, the sagittal sections of the medial half of transfected cerebella were stained with DAPI (Roche, Indianapolis, IN). For quantitative analysis, the area intensely stained by DAPI (corresponding to CGCs) in the EGL between the uRL and a point 150 μm away from the uRL was measured using NIH Image J software (http://rsb.info.nih.gov/ij/download.html.), because the EGL thickness appeared almost constant between the two points at the stage at which we analyzed it, irrespective of sections. The measured value of the area was divided by 150 μm to obtain the average EGL thickness.
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as described in Saba et al. (2005) with minor modifications. The whole cerebella were dissected out from 15 pups at P0, and immersed in 1% formalin in PBS to cross-link proteins to DNA for 2-2.5 h on ice. Glycine was added to 250 mM and incubated for 5 min at room temperature. After washing with PBS and cell lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 0.2% IGEPAL) containing protease inhibitors (Roche), chromatin extracts were sonicated with 10 sets of 15-s pulses by Bioruptor (CosmoBio, Tokyo, Japan) to an average DNA size of 500-600 bp. After centrifugation 16,000×g for 5 min, the sonicated supernatants were diluted 10-fold with ChIP buffer (16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100). The diluted samples were pre-cleared with protein-A agarose beads (Upstate, Lake Placid, NY) for 1 h at 4°C followed by an overnight incubation at 4°C using the following antibodies: rabbit anti-Math1, rabbit anti-neurofilament 200 (Sigma, St. Louis, MO) as a negative control, and anti-acetyl histone H3 (Upstate) as a positive control. Then, the samples were incubated with the protein-A agarose beads for 1 h at 4°C and sequentially washed using the following solutions: 3 times with low salt wash buffer (20 mM Tris-HCl, pH 8.1, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100); 3 times with high salt wash buffer (20 mM Tris-HCl, pH 8.1, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100); 3 times with lithium chloride wash buffer (20 mM Tris-HCl, pH 8.1, 250 mM LiCl, 1 mM EDTA, 1% IGEPAL, 1% sodium deoxycholate); and twice with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The washed beads were suspended with elution buffer (0.1 M NaHCO 3 , 1% SDS), and incubated at 65°C overnight to revert the cross-linking. After treatment with RNase A and Proteinase K, DNA was purified by phenol/chloroform extraction and ethanol precipitation, and analyzed by semi-quantitative PCR using the following primers: 5′-ctgctcccgcttagttgtgt-3′ and 5′-ggtttgttagcagggcactc-3′ for the 273 bp (+5604 to +5876 of Mbh1) fragment containing the E-box required for Mbh1 expression; 5′-ccttcattccctccccactt-3′ and 5′-acggtatcaatctccgaacagg-3′ for the 318 bp (−141 to + 177 of Mbh1) fragment containing the translation start site of Mbh1; 5′-tcccgtttccacacggtctt-3′ and 5′-ggactggaacaaggggaggatg-3′ for the 327 bp (+6958 to +7284 of Mbh2) fragment containing an E-box; 5′-ggctgaactccgtccaaggt-3′ and 5′-gagcagtcgctactgctctctg-3′ for the 284 bp (−138 to + 146 of Mbh2) fragment containing the translation start site of Mbh2 (the translation start sites of the genes are designated as nucleotide number 1).
Results
Expression patterns of CGC-specific transcription factors
It has been shown that the cells that express Math1 migrate along the cerebellar surface and give rise to deep cerebellar nuclei (DCN) neurons and CGCs (Machold and Fishell, 2005; Wang et al., 2005) . Both Mbh1 and Mbh2 are expressed by CGCs (Saito et al., 2000; Li et al., 2004) . Because Mbh1 is directly activated by Math1 in the E10.5 spinal cord (Saba et al., 2005) , we first examined expression of Mbh1 and Mbh2 at early stages of the developing cerebellum. Whereas Math1 expression in the uRL was observed at E10.5 (Akazawa et al., 1995;  data not shown), Mbh2 expression was detected from E11.5 onward (Li et al., 2004 and migrate along the cerebellar surface (Fink et al., 2006) . Moreover, at E13.5, when the nuclear transitory zone, which contained cells destined to become DCN neurons (Altman and Bayer, 1985) , was clearly distinguishable from the EGL, Mbh2 expression was detected in the nuclear transitory zone (data not shown). These observations indicate that Mbh2 is also expressed by progenitors of DCN neurons.
Mbh1 expression was first detected in the posterior EGL at E14.5 ( Fig. 1E ) and persisted in CGCs at postnatal stages (see Fig. 5B ). This finding, taken together with the expression patterns of Mbh2, indicates that Mbh1 starts to be expressed later than Mbh2. Throughout cerebellar development, expression of Math1, Mbh1, and Mbh2 was restricted to cells derived from the uRL. The cerebellar VZ and differentiating zone containing cells derived from the cerebellar VZ were devoid of their expression.
In vivo electroporation in the embryonic cerebellum
To analyze gene function in the cerebellum, we here established an electroporation-based in vivo gene transfer method, which enabled the transfection of genes unilaterally into the developing mouse cerebellum (Figs. 2A, B) . Electroporation of EYFP labeled cells in the uRL and cerebellar VZ, and their daughter cells (Figs. 2C, D) . Electroporation appeared not to affect differentiation of cells or not to increase cell death (Saito, 2006 ; data not shown). Electroporation of EYFP alone did not affect endogenous expression of genes (see Fig. S1 and Fig. S2 ). Distinct types of cerebellar neurons were labeled, depending on embryonic stages at the time of transfection. Electroporation at E11.5 labeled DCN neurons, CGCs, and PCs, whereas electroporation at E14.5 labeled CGCs but not either DCN neurons or PCs (data not shown).
Activation of CGC-specific genes and repression of a PC-specific gene by Math1
Given that Math1 ectopically induces Mbh1 expression in the dorsal spinal cord (Saba et al., 2005) , we examined expression of Mbh1 and Mbh2 after transfection of Math1 into the cerebellar VZ (Fig. 3) . To visualize transfected cells, we cotransfected EYFP using a double promoter vector, pCAG-EYFP-CAG, in which a given gene is expressed under the control of the second CAG promoter simultaneously with EYFP (Saito and Nakatsuji, 2001 ). Expression of both Mbh1 and Mbh2 was ectopically induced by Math1 misexpression (Figs. 3C-F) . Conversely, expression of Lhx5, a PC-specific LIM-class homeobox gene (Morales and Hatten, 2006; Zhao et al., 2007) , was dramatically reduced (Figs. 3G, H) . Expression of the genes was not affected by EYFP misexpression (Fig. S1 ). The ectopic expression of Mbh1 and Mbh2 by Math1 was observed in areas where Lhx5 was not to be expressed (Figs. 3C , E and the roof plate in Fig. 7 ), indicating that their ectopic expression occurs independently of the repression of Lhx5. These results indicate that Math1 exerts two functions: activation of the CGC-specific genes and repression of the PC-specific gene.
We
Math1 is necessary for expression of Mbh1 and Mbh2 in the cerebellum
The ectopic expression of Mbh1 and Mbh2 by Math1 misexpression, taken together with their temporal expression patterns (Fig. 1) , suggests that Mbh1 and Mbh2 may function downstream of Math1 in the developing cerebellum. Math1 is necessary for Mbh1 expression in the spinal cord (Saba et al., 2005) . To determine whether Math1 is required for the expression of Mbh1 and Mbh2 in CGCs, a knockdown experiment of Math1 was performed using in vivo electroporation. Math1-specific siRNAs were cotransfected with EYFP into the cerebellum at E12.5, at which stage CGC progenitors are generated (Machold and Fishell, 2005) . Two days after transfection, expression of the Math1 protein was greatly reduced, and EYFP + cells lacked the Math1 protein (Figs. 4A-D) . Expression of Lhx5 and Ptf1a was not perturbed by the transfection (data not shown), denying the possibility that the siRNAs nonspecifically inhibit gene expression. Additionally, transfection of control siRNAs did not affect Math1 expression (Fig. S3 ). Significant increase of cell death was not detected by the transfection of the Math1-specific and control siRNAs (data not shown). Whereas many EYFP + transfected cells were observed along the cerebellar surface after the transfection of the control siRNAs (Fig.  S3A ), the number of EYFP + cells along the cerebellar surface was greatly decreased by the transfection of the Math1-specific siRNAs (Fig. 4A) . Consistent with this change, great reduction of densely packed cells forming the EGL was observed by DAPI staining (Figs. 4E, F) . These phenotypes were similar to those in Math1 knockout mice, where CGC progenitors failed to form the EGL (Ben-Arie et al., 1997). Expression of Mbh2 and Mbh1 was repressed by the transfection of the Math1-specific siRNAs but not the control siRNAs (Figs. 4G-J and data not shown), indicating that Math1 is required for the expression of Mbh1 and Mbh2 in CGCs.
Math1 binds nucleotide sequences 3′ of Mbh1 and Mbh2
The Math1 protein has been shown to bind an enhancer, which is located 3′ of Mbh1, in the developing spinal cord (Saba et al., 2005) . To examine whether Math1 binds the same enhancer in CGCs, a chromatin immunoprecipitation (ChIP) assay was carried out using the developing cerebellum at P0, at which stage a sufficient amount of chromatin could be obtained from the cerebellum for the assay. Additionally, only CGCs express Math1 in the P0 cerebellum, whereas the progenitors of DCN neurons and unipolar blush cells are also positive for Math1 at embryonic stages (Wang et al., 2005; Englund et al., 2006) . Mbh1 and Mbh2 were expressed in the EGL at P0 (Figs. 5A-C) as well as embryonic stages (Fig. 1) . Both the 318 bp fragment containing the initiation codon of Mbh1 and the 273 bp fragment containing the enhancer were immunoprecipitated with an , and Mbh2 (C) in serial sagittal sections of the P0 cerebellum. DAPI staining is also shown to distinguish the EGL in A. Whereas Math1 was restricted to the outer EGL, Mbh1 and Mbh2 were expressed in both the inner and outer EGL. Scale bar: 50 μm. (D, E) ChIP assay for the Mbh1 (D) and Mbh2 (E) genomic DNAs. Cross-linked chromatin from the P0 cerebellum was reacted with or without antibodies against Math1, 200 kDa neurofilament protein (NF200), and acetyl histone H3. Arrows and arrowheads indicate DNA fragments that were amplified by PCR using primers specific to the sequences containing the E-boxes 3′ of Mbh1 and Mbh2 (upper panels) and to the sequences containing the initiation codons, which are 5.6 kb and 6.9 kb upstream of the E-boxes of Mbh1 and Mbh2, respectively, (lower panels). Each input represents DNA purified from the chromatin prior to immunoprecipitation. These data were representative of two independent experiments. Similar results were also obtained by ChIP assays using the P2 cerebellum, which still expressed Math1, Mbh1, and Mbh2 (data not shown).
anti-acetyl histone H3 antibody (Fig. 5D) , indicating that the Mbh1 locus is active. The 273 bp fragment was specifically immunoprecipitated with an anti-Math1 antibody, but the 318 bp fragment was not (Fig. 5D ). This result, taken together with the data of both gain-and loss-of-function experiments of Math1, suggests that Math1 binds the Mbh1 enhancer and directly regulates Mbh1 expression in the developing cerebellum as well as in the developing spinal cord.
Next we examined Math1 binding to the Mbh2 genomic sequence. Because Mbh2 enhancers for Math1 have not been determined yet, we searched conserved sequences by comparing genomes among mouse, rat, and human. The sequence 3′ of the Mbh2 coding region was well conserved, as is the case of Mbh1. Moreover, it contained an E-box, which had the same nucleotide sequence as the E-box of the Mbh1 enhancer. The 327 bp DNA fragment containing the E-box and the 284 bp fragment containing the initiation codon of Mbh2 were immunoprecipitated with the anti-acetyl histone H3 antibody (Fig.  5E ), indicating that Mbh2 locus is active. Only the 327 bp fragment was specifically immunoprecipitated with the anti-Math1 antibody (Fig. 5E ), suggesting that Mbh2 expression is also directly regulated by Math1.
Mbh activity is required for the differentiation of CGCs
To explore a role of Mbh1 and Mbh2 in differentiating CGCs, we tried to knock down these genes using siRNAs. Although we used siRNAs for three sites of each gene, they were not knocked down. In addition, Mbh1 knockout embryos were not obtained at sufficiently late stages for the analysis of the cerebellum (H. Suemori, N. Nakatsuji, and T. Saito, unpublished results). Therefore, we used VP16-Mbh1, which was a chimeric protein containing the homeodomain of Mbh1 and functioned as a dominant-negative form of Mbh1 (Saba et al., 2005) . Misexpression of VP16-Mbh1 disrupted proper formation of the EGL (Figs. 6A-D) . VP16-Mbh1-transfected cells did not align continuously along the surface of the cerebellum and accumulated near the uRL (Fig. 6A) . Consistent with this defect, thickness of the EGL was greatly reduced (Figs. 6C, D, G) . On the other hand, transfection of EYFP alone did not affect the thickness of the EGL ( Fig. 6G ; data not shown). VP16-Mbh1-transfected cells normally expressed Math1 in the uRL (data not shown), indicating that Math1 is not perturbed by VP16-Mbh1. Cell death was not significantly increased by the transfection of VP16-Mbh1 (data not shown). In contrast to the cells derived from the uRL, cell migration from the cerebellar VZ appeared not to be affected by VP16-Mbh1, suggesting that the effect of VP16-Mbh1 is specific to CGCs.
The reduction of the EGL thickness by VP16-Mbh1 was partly rescued by transfection of Mbh1 and Mbh2 (Fig. 6G) , suggesting that VP16-Mbh1 functions as a dominant-negative form of both Mbh1 and Mbh2, and that the activity of Mbh1 and Mbh2 is required for the formation of the EGL. A marker of CGCs, TAG-1, which is immediately expressed by postmitotic CGCs (Dodd et al., 1988) , disappeared in the VP16-Mbh1-transfected side (Figs. 6E, F) , confirming the requirement of Mbh1 and Mbh2 for proper differentiation of CGCs.
The EGL formation was also disrupted by knockdown of Math1 (Fig. 4) . To examine whether the Mbh genes were sufficient for the EGL formation in the absence of Math1, we transfected Mbh1 and Mbh2 with the Math1-specific siRNAs. The defect of the EGL formation by the Math1-specific siRNAs was not rescued by transfection of either Mbh1 or Mbh2 or by cotransfection of Mbh1 and Mbh2 ( Fig. 6G ; data not shown). These results indicate that Mbh1 and Mbh2 are required but not sufficient for the EGL formation.
Mbh genes are not involved in pan-neuronal differentiation
Proneural genes, such as Math1, initiate neurogenesis, leading to acquisition of both pan-neuronal properties and specific neuronal types (reviewed by Guillemot, 2007) . To clarify the role of Math1 and the Mbh genes in neuronal differentiation, we transfected the genes into the hindbrain roof plate cells, which were not to give rise to neurons. Misexpression of Math1 ectopically induced expression of both class III β-tubulin, a marker of pan-neuronal differentiation (Figs.  7A-C) , and TAG-1, the marker of CGCs (Fig. 7D) , confirming that Math1 Vertical bars indicate means ± standard deviation: 17.8 ± 1.0 μm for untransfected; 17.3 ± 1.3 μm for EYFP; 3.66 ± 1.36 μm for VP16-Mbh1 and EYFP; 10.8 ± 2.0 μm for VP16-Mbh1, Mbh1, and EYFP; 12.9 ± 1.8 μm for VP16-Mbh1, Mbh2, and EYFP; 5.69 ± 0.74 μm for Math1-specific siRNAs and EYFP; 6.04 ± 1.85 μm for the siRNAs, Mbh1, and EYFP; 5.89 ± 0.84 μm for the siRNAs, Mbh2, and EYFP; 5.87 ± 1.06 μm for the siRNAs, Mbh1, Mbh2, and EYFP. There is significant difference between transfection of the following genes: EYFP alone vs VP16-Mbh1; EYFP alone vs the Math1-specific siRNAs with or without either Mbh1 or Mbh2 (⁎P b 0.001); VP16-Mbh1 vs VP16-Mbh1 with either Mbh1 or Mbh2 (⁎⁎P b 0.01). For each experiment, more than three cerebella were analyzed. Decrease of anti-TAG-1 signals was observed in all embryos transfected with VP16-Mbh1 (n = 3). exerts proneural activity. Mbh1 and Mbh2, which were not expressed by untransfected roof plate cells (data not shown), were also ectopically activated by Math1 (Figs. 7E, F ; data not shown).
On the other hand, the expression of TAG-1 but not class III β-tubulin was induced by misexpression of Mbh1 and Mbh2 (Figs. 7G, H; data not shown), indicating that the Mbh genes can confer a feature of CGCs, but are not sufficient for initiation of neurogenesis. The induction of TAG-1 expression by Mbh1 and Mbh2 was suppressed by VP16-Mbh1 (data not shown), supporting the hypothesis that VP16-Mbh1 inhibited the activity of both Mbh1 and Mbh2.
Conversely, blocking the activity of the Mbh proteins by VP16-Mbh1 in the presence of Math1 inhibited expression of TAG-1 but not class III β-tubulin (Figs. 7I, J) , confirming that the Mbh genes are required for specification of a neuronal type, but not for pan-neuronal properties.
Ptf1a blocks the Math1-dependent CGC differentiation program
Ptf1a knockout mice have demonstrated ectopic expression of Math1 and typical markers for CGCs in the cells in which Ptf1a is to be expressed, raising the possibility that those molecules are repressed by Ptf1a (Pascual et al., 2007) . We examined relationship between Ptf1a and the transcriptional cascade from Math1 to the Mbh genes by transfecting Ptf1a in the uRL (Fig. 8) . The number of Math1 + cells in the uRL and EGL was clearly diminished by Ptf1a misexpression (Figs.  8E, F) . Consistent with this, Math1 mRNA levels were also reduced (data not shown). The uRL became smaller (brackets in Figs. 8E, F) , as is the case of Math1 knockout mice (Ben-Arie et al., 1997). Concomitantly, expression of both Mbh1 and Mbh2 was dramatically reduced (Figs. 8G-J) , and the EGL formation was disrupted (Fig. 8C) . Despite repression of the CGC-specific genes, Lhx5 expression was not ectopically activated by Ptf1a (data not shown). These findings indicate that Ptf1a can repress the CGC differentiation program but is not sufficient to initiate the PC differentiation program.
Discussion
In the cerebellum, Math1 plays critical roles in differentiation of CGCs. Using in vivo electroporation and ChIP assay, we have here identified Mbh1 and Mbh2 as direct downstream targets of Math1 (Fig. 9) . Inhibition of Mbh activities disrupted formation of the EGL, indicating that the Mbh proteins are necessary for the differentiation of CGCs. Moreover, we have shown that the Mbh proteins are involved in neuronal specification, but not pan-neuronal differentiation.
Cascades downstream of Math1 in differentiating CGCs
Proneural proteins, which are among bHLH transcription factors, are required for neurogenesis, but the knowledge about their direct target genes is still limited (reviewed by Bertrand et al., 2002; Guillemot, 2007) . We have previously shown that a proneural protein, Math1, directly activates Mbh1 in the developing spinal cord (Saba et al., 2005) . Our present analyses have revealed the transcriptional cascade from Math1 to Mbh2 in the developing cerebellum and indicated that the cascade from Math1 to Mbh1 is conserved between the developing spinal cord and cerebellum.
Both pan-neuronal differentiation and specification of neuronal subtypes are initiated by proneural proteins. Consistent with this, Math1 ectopically generated neurons that expressed a CGC marker in the hindbrain roof plate. On the other hand, the Mbh genes could not generate neurons, and the inhibition of Mbh activities did not affect pan-neuronal differentiation, suggesting that the pathway of panneuronal differentiation is separated from that of neuronal subtype specification immediately downstream of Math1.
Our previous study in the spinal cord has indicated that Mbh1 confers commissural neuron identity on cells of neuronal lineages (Saba et al., 2003) . Misexpression of Mbh1 and Mbh2 ectopically activated TAG-1 expression even in roof plate nonneuronal cells, suggesting that the Mbh genes are conditionally sufficient to induce a subtype-specific gene, irrespective of neurogenesis. TAG-1, Mbh1, and Math1 are expressed by both commissural neurons in the dorsal spinal cord and CGCs, suggesting that the Math1-dependent program of neuronal subtype specification is conserved between the two types of neurons. The neurons, however, do not share all characters, e.g., CGCs and the commissural neurons are generated from Pax6 + and Pax3 + domains, respectively (reviewed in Caspary and Anderson, 2003; Engelkamp et al., 1999) . Which part of their characters is determined by the Math1-initiated program and what factor specifies the other part remains to be determined. The finding that the expression of Mbh2 started earlier than that of Mbh1 raises the possibility that Mbh2 might regulate Mbh1. Misexpression of Mbh2, however, did not induce Mbh1 expression (data not shown), suggesting that Mbh2 is not upstream of Mbh1. Misexpression of Mbh1 did not activate Mbh2 expression, either (data not shown). Despite different onsets of the expression of the Mbh genes, both of them are regulated by Math1. Consistent with this, the sequences surrounding the E-boxes 3′ of Mbh1 and Mbh2 are not conserved between Mbh1 and Mbh2, although their E-box sequences are identical. bHLH proteins, Neurogenin2 and NeuroM, have been shown to regulate their target genes by interacting with other transcription factors (Lee and Pfaff, 2003) . Similarly, Math1 may interact with other factors to regulate Mbh1 and Mbh2 differentially.
Regulatory mechanisms of Bar-class homeobox genes are not conserved between mammals and fly. Mbh1 and Mbh2 are located on mouse chromosomes 5 and 2, respectively. Unlike Mbh1 and Mbh2, Drosophila Bar-class homeobox genes, BarH1 and BarH2 are tandemly aligned on the same chromosome and coexpressed in the same cells (Higashijima et al., 1992) . Expression of BarH1 and BarH2 appears not to be directly regulated by Atonal (Lim and Choi, 2004) .
Misexpression of Mbh1 and Mbh2 did not affect Math1 expression (data not shown), suggesting that their gene cascade is unidirectional, i.e., there is no feedback loop from the Mbh genes to Math1. Expression of Mbh1 and Mbh2 persisted in CGCs at P15, even after disappearance of Math1 (data not shown), as is the case of Mbh1 expression in the spinal cord, suggesting that their expression is maintained by other factors than Math1.
Mbh1 and Mbh2 are involved in the differentiation of CGCs
Mbh1 and Mbh2 proteins are closely related (55% and 93% amino acid identities through the entire sequence and the homeodomain, respectively), and they share the FIL motif, which may be involved in transcriptional repression (Saito et al., 1998; Saba et al., 2005) . Misexpression of Mbh1 and Mbh2 caused the same phenotypes: repression of Lhx5 expression and activation of TAG-1 expression. The defect of the EGL formation caused by VP16-Mbh1 was rescued to a similar extent by Mbh1 and Mbh2. These results suggest that the two Mbh genes have the same function and are redundant where they are coexpressed. This may explain the mild phenotype of Mbh2 knockout mice, in which the majority of CGCs normally migrate and differentiate (Li et al., 2004) . Mbh1 may compensate for the loss of Mbh2 in most parts of the cerebellum. Defects in CGC differentiation are observable in lobules VI and VII of Mbh2 knockout mice (Li et al., 2004) . This phenotype may be explained by expression patterns of Mbh1 and Mbh2. Whereas Mbh2 is expressed throughout the EGL along the anterior-posterior axis, Mbh1 is not expressed in the portion that gives rise to lobules VI-VII (data not shown).
The result obtained by VP16-Mbh1 misexpression in the cerebellum suggests that the Mbh genes are required at early stages of CGC differentiation, at which stage CGCs are migrating from the uRL to form the EGL. This is analogous to the role of Mbh1 in the spinal cord, where Mbh1 controls migration of cells concomitantly with specification of commissural neuron identity (Saba et al., 2003) . In the developing cerebellum, Math1 expression persists until early postnatal stages in the outer EGL, where CGCs are proliferating ( Fig. 5A ; Helms and Johnson, 1998) . Because the Mbh genes are expressed by postmitotic CGCs, the genes may be also involved in the differentiation of CGCs when they migrate from the EGL to the internal granular layer, as suggested by a previous report (Li et al., 2004) .
Genetic interaction between the differentiation programs for CGCs and PCs
In the developing spinal cord, Math1 and Ngn1 are reciprocally inhibitory, and different types of neurons are generated from the two distinct domains expressing the bHLH genes (Gowan et al., 2001 ). In the developing cerebellar neuroepithelium, bHLH genes, Math1 and Ptf1a, are mutually exclusively expressed in the uRL and cerebellar VZ, respectively (data not shown). Loss-of-function (Pascual et al., 2007) and our gain-of-function analyses have revealed that Ptf1a is required and sufficient for repression of Math1. However, the knockdown of Math1 did not lead to activation of Ptf1a in the uRL, suggesting that Math1 repression may not be enough for Ptf1a activation. This result suggests that the relationship between Math1 and Ptf1a in the cerebellum may not be equivalent to that between Math1 and Ngn1 in the spinal cord.
Downstream of Math1, the Mbh genes repressed expression of Lhx5, which is involved in the differentiation of PCs (Zhao et al., 2007) , raising the possibility that the PC differentiation program can be regulated at the level of the homeobox genes. This regulation may be important to ensure mutually exclusive specification of neuronal subtypes.
Cascades downstream of Ptf1a in differentiating PCs
Ptf1a is necessary for the differentiation of cerebellar GABAergic neurons, including PCs (Hoshino et al., 2005 ). It appears unlikely that Ptf1a is sufficient to confer cerebellar GABAergic identity on other cerebellar cells. Although misexpression of Ptf1a blocked the differentiation program of CGCs in the uRL, it did not ectopically activate expression of Pax2 and Lhx5 (data not shown), which are markers of cerebellar GABAergic neurons (Maricich and Herrup, 1999; Morales and Hatten, 2006; Zhao et al., 2007) . Ptf1a is also necessary for the differentiation of glutamatergic neurons in the hindbrain (Yamada et al., 2007) . Ptf1a may cooperate with other factors to exert its function. This is consistent with a recent report showing that Ptf1a cooperates with Rbpj in the determination of an inhibitory neuronal fate in the spinal cord (Hori et al., 2008) .
